Multiple sclerosis (MS) is a chronic disease of the CNS that most commonly affects young adults. It is usually characterized in the early years by acute relapses followed by partial or complete remission; in later years progressive and irreversible disability develops. Because of the protracted and unpredictable clinical course, biological surrogate markers are much needed to make clinical trials of potential disease-modifying treatments more efficient. Magnetic resonance (MR) outcome measures are now widely used to monitor treatment outcome in MS trials. Areas of multifocal inflammation are detected with a high sensitivity as new areas of gadolinium enhancement and T2 abnormality, and these may be considered as surrogate markers for clinical relapses. However, progressive disability is not clearly related to inflammatory lesions but rather to a progressive and diffuse process with increasing neuroaxonal loss. MR surrogate measures for neuroaxonal loss include atrophy (tissue loss in brain and spinal cord), N-acetyl aspartate, and T1 hypointense lesions. Diffuse abnormality in normal appearing brain tissue may also be monitored using magnetization transfer ratio and other quantitative MR measures. For treatment trials of new agents aimed at preventing disability, measures of neuroaxonal damage should be acquired, especially atrophy, which occurs at all stages of MS and which can be quantified in a sensitive and reproducible manner. Because the MR surrogates for neuroaxonal loss are not yet validated as predicting future disability, definitive trials should continue to monitor an appropriate disability endpoint.
THE CLINICAL COURSE AND PATHOLOGICAL BASIS OF MULTIPLE SCLEROSIS
Multiple sclerosis (MS) is a chronic disorder of the CNS. It is the most common cause of neurological disability in young adults in Northern Europe, North America, and similar temperate latitudes in Australasia. It is conventionally regarded as an immune-mediated inflammatory disorder. The classic neuropathological hallmark is the presence of multifocal regions of inflammatory demyelination disseminated in space and time throughout the CNS. Such lesions develop in association with breakdown of the blood-brain barrier (BBB) with trafficking of activated T lymphocytes and other immune mediators, leading to acute tissue damage principally with breakdown of myelin but also with a degree of axonal destruction. 1 These acute inflammatory lesions, when they occur in clinically eloquent locations, lead to acute relapses of neurological deficit largely as a result of conduction block due to loss of myelin. There is usually good recovery from such relapses as a result of several mechanisms: resolution of inflammation, remyelination, restoration of conduction in persistently demyelinated fibers, and cortical adaptation. The onset with relapses and remissions (relapsing remitting MS) is seen in 85% of cases. In 15% of patients, the onset of MS is one of progressively increasing and irreversible disability (primary progressive MS). After a variable number of years this clinical pattern also emerges for 60% of those who started with relapsing remitting disease (secondary progressive MS). The progressive phase of MS has a poorer prognosis and there is compelling evidence-both from neuropathological observation 2 and the application of magnetic resonance (MR) surrogate markers-that axonal loss is the main pathological substrate for such an evolution.
It is not well understood what mechanisms lead to chronic and extensive axonal loss. Although some axonal loss is attributable to the immediate effects of acute inflammation, this alone is not a sufficient explanation. Some patients, especially with primary progressive MS, have experienced few or no relapses and have little evidence on MRI scans for the past or present occurrence of inflammatory lesions. 3 On the other hand, pathological and quantitative MR imaging (MRI) evidence has emerged that shows that the disease involves "normal appearing" white matter (NAWM) and normal appearing gray matter (NAGM). In NAWM, there is evidence of astrocytosis, microglial activation, perivascular inflammation and axonal loss. 4, 5 In NAGM, careful examination has revealed an abundance of demyelinated lesions that typically exhibit less inflammation than those seen in white matter but that may exhibit neuronal and axonal loss. 6, 7 Given the widespread nature of pathological changes in NAWM and NAGM, it seems likely that they contribute to clinical progression; how they relate to focal inflammatory demyelinating white matter lesions and to the overall pathogenesis of the disease is unclear.
THE NEED FOR SURROGATE TOOLS TO MONITOR TREATMENTS IN MS
It is difficult to perform definitive clinical trials in MS. The course is unpredictable and subject to short-term fluctuations, yet the development of irreversible disability often takes many years. The clinical scales commonly used for quantifying disability [e.g., the expanded disability status scale (EDSS)] have limited sensitivity and reproducibility and do not capture all of the patients' functional problems. Clinical assessments have an intrinsic subjective component and are prone to bias if either the patient or the investigator is unblinded. Definitive phase 3 trials with a clinical endpoint-either relapse rate or sustained increase in disability-require the participation of large patient numbers (usually several hundred), followed over at least 2 or 3 years, with a control versus active treatment parallel groups design and with double blinding. The trials are very expensive, cumbersome, and are slow in providing answers. Even so, they leave unanswered key questions such as: will treatment effects be sustained over much longer periods bearing in mind that MS usually evolves it full course over several decades?
Clearly, surrogate outcome measures would be very useful if they allowed for such large clinical trials to be avoided. To be a reliable surrogate measure, the outcome should be sensitive to disease evolution such that it provides an answer on therapeutic effect quickly and in small numbers of subjects. Most importantly, it should reflect and predict an important clinical outcome. In MS this outcome is either of the following: 1) reduction in relapse rate or 2) slowing the accumulation of irreversible disability. In view of the pathological basis of these clinical features it follows that biological surrogates proposed for MS fall broadly into two categories: 1) inflammatory white matter lesions (which cause relapses), and 2) neurodegenerative changes in lesions, NAWM, or NAGM (which cause progressive disability).
The rest of this review will discuss what has been learned using surrogate measures in MS. Because MR outcomes have been far and away the most useful and widely investigated outcomes, they will be the principal focus, although brief comments on other approaches will also be made where appropriate.
MS BIOMARKERS OF INFLAMMATION

Body fluids
Numerous studies have investigated the relationship of immunologically based measures obtained from serum, urine, or cerebrospinal fluid (CSF) with clinical evidence of disease activity and progression in MS. These studies have investigated T-cell subtypes (including activated T-cell clones that are responsive to myelin antigens), soluble mediators, or products of inflammation [e.g., tumor necrosis factor (TNF)-␣, interleukins, and neopterin 8 ] and autoantibodies. Very recently, the presence of serum antibodies to myelin peptides has been reported to predict conversion from a clinically isolated syndrome to clinically definite MS. 9 However, in general a consistent pattern of association with disease activity has not emerged; initially promising results from one laboratory have usually not been replicated. Serum and urine markers are liable to be diluted by noise because of systemic biological factors unrelated to the primary disease. Although CSF examination gets closer to the pathological process, methodological standardization is often difficult and it is not easy to obtain consent for lumbar puncture for research purposes only.
Positron emission tomography: PK11195
PK11195 is a radioligand detectable using positron emission tomography, which attaches to peripheral benzodiazepine receptors. These are expressed on activated microglial cells, which in turn have potentially important roles in MS as CNS-based antigen presenting cells. Increased PK11195 uptake has been detected in MS lesions and NAWM and deep gray matter nuclei. 10, 11 Given the cell specificity of the marker and potential importance of microglia in CNS inflammation it is surprising that more extensive clinical studies in MS have not been performed. This may reflect practical and methodological difficulties associated with quantitative PK11195 imaging and the limited opportunities to perform serial studies to avoid cumulative exposure to a radioactive compound.
MRI
Gadolinium enhancing and T2 lesions. Most gadolinium (Gd) enhancing and T2-weighted lesions are clin-ically silent; thus MRI has become an important tool for supporting an early and accurate diagnosis of MS in many patients. 12 Postmortem and biopsy studies have demonstrated that inflammatory features-perivascular cuffs of lymphocytes and macrophage infiltrates-correlate with Gd enhancement in MS lesions. 13, 14 Enhancement is consistently seen in new brain lesions in relapsing remitting and secondary progressive MS and usually lasts 2-6 weeks, similar to the duration of a relapse. Enhancing lesions are more often seen during relapse than remission. 15 Although the majority are asymptomatic, enhancing cord lesions are more likely to result in clinical relapse when they occur in a clinically eloquent location, e.g., spinal cord 16 or optic nerves. 17 In optic neuritis, enhancement of the symptomatic lesion correlates with acute visual loss and conduction block (reduced amplitude of the visually evoked potential). 18 Such observations and a subsequent meta-analysis of nine studies 19 suggest that Gd enhancement is a reasonable surrogate marker for acute relapses. This view is supported by the concordant effect of numerous therapies in reducing both enhancing lesions and relapses (Table 1) . Of particular theoretical interest is the demonstration that an antiadhesion molecule which specifically blocks trafficking of T lymphocytes across the BBB has been shown to reduce both enhancing lesions and relapses in a 6-month phase 2 study.
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T2-weighted scans are sensitive in detecting focal MS white matter lesions. Although they are pathologically nonspecific, serial studies in relapsing remitting MS at weekly intervals have shown that almost all new T2 lesions begin as a region of Gd enhancement, thus indicating an initial inflammatory phase in their evolution. Therefore, the total load of T2 lesions observed in early relapsing remitting MS provides an indication of the amount of inflammation that has occurred to date. The same cannot be said of more advanced disease and primary progressive MS, in which there is evidence that at least some of the T2 abnormalities develop independently of BBB breakdown. 3 Whereas Gd enhancing and T2 lesions can be related to relapses they correlate poorly, if at all, with the evolution of disability. 19 It is notable, for example, that patients with primary progressive MS often have few Gd enhancing lesions and small T2 lesion loads. 3 One exception to this rule is that the accumulation of inflammatory lesions during the first 5 years of relapse-onset MS (measured as total T2 volume) is partly related to current and future disability. 21 These imaging observations fit broadly with the observation that relapse rate in the early years of relapsing remitting MS has an influence on the time-to-develop of moderate disability (EDSS 4) 22 but not the subsequent evolution to more severe disability. 23 Taken together, early clinical (relapses) and imaging (Gd enhancing/T2 lesions) features of inflammation may have a modest impact on long-term disability but later inflammation probably does not.
In relapsing remitting MS, monthly standard dose (0.1 mmol/kg) Gd-enhanced T1-weighted brain MRI reveals ϳ10 new Gd enhancing lesions for every clinical relapse. 24, 25 Substantial activity is also found in secondary progressive MS, mainly among those having superimposed relapses. 26 The number of Gd enhancing lesions is increased by weekly scanning, 27 spinal imaging, 16 tripledose Gd (0.3 mmol/kg), 28 magnetization transfer T1-weighted sequences, 29 delayed scanning, 30 and thinner slices. In practice, such approaches are rarely used in clinical trials and have little impact on sample size requirements for trials because variability between patients also increases. 31 In relapsing remitting MS, a parallel groups design with a placebo arm requires ϳ2 ϫ 40 patients to show a 60% reduction in new enhancing lesions over 6 months, 32 with a 1-month run in scan reducing sample sizes by ϳ30%. 33 Such a trial design has become the standard way to evaluate efficacy of new anti-inflammatory therapies in phase 2 trials. A positive result provides the basis for proceeding to a phase 3 trial that will have a primary clinical endpoint and therefore be larger, longer, and more costly. Crossover phase 2 MRI outcome designs are more powerful than parallel group studies, because there is less intrapatient than interpatient variability in MRI activity, but may be complicated by regression to the mean.
The number and volume of Gd enhancing and T2-weighted lesions has often been used during the last decade as a secondary or tertiary outcome measure in phase 3 clinical trials of disease modifying treatments in MS, in which the primary outcome has been a clinical endpoint, either slowing of accumulation of persistent disability or reduction of relapse rate. The positive effects of therapies on such MRI outcomes have been included in submissions to regulatory authorities in North America and Europe. The first example in which this occurred was a North American randomized trial of ␤-interferon 1b in relapsing remitting MS, which was considered by the United States Food and Drug Administration in 1993 and in which therapy was associated 
with a striking reduction in the number of new T2 lesions. 34 Although T2 and Gd enhancing lesion outcomes have provided supportive evidence of treatment benefit, their value has been limited by the generally modest correlation with clinical outcome, especially disability. This limitation has been evident both for natural history evolution and for extent of treatment response. MRI lesion outcomes have therefore not been regarded by either regulatory authorities or expert investigators 35 as adequate to serve as primary outcome measures in definitive phase 3 trials.
MR spectroscopy. Using proton MR spectroscopy, an elevation of the peak for choline (Cho)-containing compounds is observed in acute MS lesions and reflects increased membrane turnover as a result of inflammation and/or myelin breakdown. Peaks at 0.9 and 1.3 ppm are also seen in acute lesions and resolve over several months 36 ; these are attributed to lipid breakdown products in association with demyelination An increase in myoinositol (Ins) is seen in MS lesions and is more marked in T1 hypointense lesions. 37 It is also observed in NAWM, in which the elevation has been correlated with disability in MS patients with both short and long disease durations. 38, 39 Ins is produced by glial cells and is a potential marker of astrocytosis, gliosis, or possibly microglial activation. Although Ins is difficult to quantify because of having a short T2 relaxation time (thus requiring MR spectroscopy with a short echo time), these interesting observations-suggesting it may detect a diffuse glial/inflammatory process associated with disease progression-should encourage further investigation of Ins in therapeutic trials.
Ultrasmall particles of iron oxide. A recently developed contrast agent uses ultrasmall particles of iron oxide (USPIO) which uptake in macrophages, thus providing an opportunity to detect MS lesions containing this cell type. Given the potential for macrophages to induce myelin or even axonal destruction in MS this appears to be a promising tool. To date, only one small study of MS patients has been reported. In this group, USPIO enhancement was seen in a subset of about 50% of Gd enhancing lesions. 40 
MS BIOMARKERS OF NEURODEGENERATION Body fluids
Proposed markers of axonal breakdown have been studied in MS, most notably in the CSF. Recent work has identified a link between increasing dephosphorylation of CSF neurofilaments and increasing disability in MS. 41 Other axonal markers include S100b and the 14-3-3 protein but no consistent relationship with the course of MS has yet emerged. The understandable reluctance of patients to undergo serial lumbar puncture militates against using a CSF outcome measure in a clinical trial.
MR markers
Atrophy measures
Of all the proposed MR measures of the neurodegenerative component of MS, measurement of tissue loss (atrophy) is the most attractive and robust and to date is the most widely used in treatment trials. Axons make the largest bulk contribution to white matter volume (45%), followed by myelin (25%) and other tissue elements (glial and vascular tissues and water). 42 Neuronal cell bodies and axons contribute the bulk of gray matter volume although there is also myelin in gray matter, albeit to a lesser extent than in white matter. It follows that atrophy of white or gray matter in MS likely reflects axonal and neuronal loss. In a study of the spinal cord of five MS cases, atrophy and axonal loss were studied. 43 There was axonal loss within spinal cord lesions of between 45% and 85%. Atrophy was more marked in the cervical than the lumbar area and affected gray and white matter equally.
Axonal loss is not the sole cause of atrophy and loss of myelin per se will contribute. Variation in glial bulk, inflammation, and tissue water content will also affect global or regional volume measures in MS: acute inflammation and gliosis will increase volume whereas decreased tissue water and inflammation due to treatment, dehydration, or other factors, will decrease volume. It is likely that the use of atrophy to measure progressive neurodegeneration in MS will be made less sensitive because of the volumetric fluctuations attributable to inflammation. It should also be kept in mind that antiinflammatory therapies (e.g., high-dose corticosteroids or ␤-interferon) may reduce brain volume without there having been axonal loss. If such an effect is anticipated, it would seem wise to allow a period of time after receiving such therapy for the anti-inflammatory volume reduction effect to have occurred before using ongoing atrophy as a presumed measure of axonal loss.
The optimal technique for detecting atrophy should be reproducible, sensitive to change, accurate, and practical to implement, although small errors of accuracy are probably insignificant, as long as they are constant between subjects and over time. The two distinct methodological aspects involved in measuring tissue volumes are data acquisition and data analysis.
Data acquisition. The ability to reduce partial volume errors with high-resolution scans means that 3-D acquisitions are attractive, although 2-D sequences have also been used successfully to derive volume measures in the CNS. 44 For whole-brain atrophy measurements segmentation of the brain is necessary, and suppression of CSF helps to generate a sharp distinction in signal between cerebral and extracerebral matter. The most widely used 3-D sequence is a T1-weighted gradient echo, with or without added CSF suppression, the latter provided by an inversion recovery prepulse, which allows 1 ϫ 1 ϫ 1 mm resolution. Specific study of white or gray matter requires good contrast between white matter, gray matter, CSF, and lesions and may be aided by multiplecontrast acquisitions, e.g., T 1, T 2 and proton density.
Data analysis methods. Manual outlining or linear measurements provide the simplest approach to measuring changes in volume. An experienced observer is required who is familiar with normal neuroanatomy and pathology. Manual segmentation is useful in small structures or regions, e.g., third ventricle, where significant atrophy is reported in MS. 45 Disadvantages of manual segmentation include operator bias, long analysis time and poor reproducibility when compared with automated techniques.
Semi-automated methods improve speed and reproducibility. Regional segmentation algorithms, e.g., seed growing, 46 contouring outline of lesions, 47 spinal cord, optic nerves, and ventricles. 48, 49 Measurement reproducibility improves from ϳ3-5% for manual outlining to ϳ1-3% for semiautomated approaches for measuring spinal cord and ventricles.
Many automated methods exist for segmentation (and thus volume measurement) of the whole brain. Both single contrast 50 and multispectral data 51, 52 have been used for whole-brain segmentation. Usually the difference in signal intensity between brain parenchyma and CSF on a single-contrast acquisition is enough to drive the segmentation process. Segmentation of gray and white matter may also be accomplished with either single-contrast or multispectral data, although additional sophistication is required to separate the two tissue types. Methods include statistical parametric mapping-based segmentation 53 and the fuzzy C-means algorithm. 54 Masking of MS lesions is necessary to avoid their misclassification. Because atrophy is the measurement of change in volume, measurements of absolute volumes at separate time points are not necessarily needed; information may be obtained by looking for differences between serial scans. 55 Nonlinear registration of such scans produces deformation fields that yield information concerning regional and global atrophy. 56 Rigid body registration can be used to track the displacement of the surface of the brain during atrophy. Using the inner table of the skull as standard of reference, Freeborough and Fox 57 have developed a method to quantify atrophy with high sensitivity in many neurological diseases.
Comparisons between groups of patients are confounded by the presence of substantial inter-subject variations in head size that can mask differences attributable to atrophy. Normalizing the brain volume to head size reduces these variations. Relative volumes also remove variability in volume data due to scanner instability. A number of normalization methods have emerged: the scalp, 57 total intracranial capacity determined by the sum of the volumes of gray matter, white matter, and CSF, 58, 59 or the sum of the brain and ventricular and sulcal CSF 60 have all been used to create volumes for normalization.
Clinically isolated syndromes. Many patients with clinically isolated syndromes (CIS) (i.e., a single relapse of the sort seen in MS) affecting the optic nerve, brain stem, or spinal cord already have disseminated cerebral white matter lesions typical of MS and develop clinically definite MS with follow-up. 61 ,62 A cohort of 55 CIS patients 63 has been followed over a 1-year period to investigate ventricular enlargement. Significant enlargement was seen in the 18 patients who developed clinical MS (i.e., experienced a second clinical relapse), and in the 40 patients with abnormal brain MRI at presentation. There was no change in ventricular volume in the 15 patients with normal imaging. Thus, brain atrophy occurs at the earliest clinical stage of MS. Atrophy of about 10-15% has also been observed in the optic nerve following a single attack of optic neuritis.
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Relapsing remitting MS. Recent studies have shown that brain atrophy occurs in relapsing remitting MS even within 3 years of symptom onset. 58 Both white and gray matter atrophy are observed. 58, 65 Using a whole brain ratio (WBR) method, brain atrophy was assessed over two years in a placebo-controlled trial of beta interferon in relapsing remitting MS. 66 Atrophy measures were available in 519 patients, 172 of whom were placebotreated. Significant brain atrophy was seen in the total cohort over 2 years; the mean WBR decreased by 1.4%. The baseline WBR was weakly correlated with T2 lesion load. No difference in the rate of atrophy was seen between treatment arms.
Cerebral atrophy has been evaluated from 52 relapsing remitting patients for 6 months before and 24 months following ␤-interferon treatment and correlated with other MRI lesion and clinical parameters. 67 During the 2 years of treatment there was a significant reduction of brain volume (mean Ϫ2.2%) that correlated weakly with the mean number of enhancing lesions on monthly scans during the 6 months pre-treatment. During the 2 years of treatment, 26 patients exhibited significant atrophy and 26 did not; in the former group, 13 experienced an increase in disability whereas in the latter group only 3 became more disabled. This confirms other studies by showing a link between increasing atrophy and disability. 68, 69 In a 2-year placebo-controlled trial of ␤-interferon in relapsing remitting MS, atrophy was measured from yearly scans using brain parenchymal fraction (BPF). The mean BPF decrease was similar in both arms in year 1, but was smaller in the ␤-interferon arm in year 2. 60 The changes in BPF during this 2-year period showed little or no correlation with lesion measures. Prolonged 8-year follow-up of some of the placebo cohort from this trial assessed the longer term relationship between earlier BPF change and later disability. 70 Comparison of patient quartiles based on change in BPF over the first 2 years revealed a greater likelihood of developing severe disability (EDSS of 6 or more at follow-up) in those with the most atrophy during the initial 2 years.
A 9-month placebo-controlled trial of glatiramer acetate in 239 relapsing remitting MS cases revealed a mean 0.7-0.8% reduction in central cerebral volume with no significant differences between the patient groups. 71 The study showed a weak association between enhancing lesion numbers and atrophy.
Progressive forms of MS. Atrophy is seen in both the brain and spinal cord in secondary and primary progressive MS. The most marked atrophy occurs in secondary progressive disease and correlates with disability. 45, 72, 73 In primary progressive MS, significant atrophy of brain and cord over 1 year was evident in a large cohort of primary progressive patients drawn from 6 European centers. 74 Change in cerebral volume over 1 year correlated only weakly with change in T1 and T2 brain load. More recently, progressive cerebral and cervical cord atrophy has been observed over 5 years of follow-up in a cohort of 41 primary progressive MS patients. 75 The rates of atrophy appeared to be relatively constant within individual patients but varied between subjects.
A study of 16 patients with primary progressive MS evaluated riluzole, a neuroprotective glutamate antagonist, using change in cord area as a putative measure of progressive axonal loss. 76 During 1 year pretreatment, there was a 2% reduction in mean cord area whereas during 1 year on treatment the cord area was stable (mean decrease of 0.2% only), but the difference was not significant. This preliminary study indicates the potential of using tissue volume measures in larger cohorts to study the efficacy of neuroprotective agents.
Therapeutic trials have evaluated the effect of three immunomodulatory agents in secondary progressive MS: ␤-interferon, 44 Campath-1H, 77 and cladribine. 78, 79 In spite of all three therapies suppressing inflammatory MRI lesions, there was no evidence for a significant slowing in the rate of ongoing cerebral atrophy. In the ␤-interferon trial there was ϳ1% loss of central cerebral volume per year in the treated and placebo arms.
Time-course issues for measuring atrophy. Although it is clear that significant tissue loss can be detected in MS within as little as 12 months, little work has been done to determine the optimal sample sizes and length of study required to demonstrate significant slowing of progressive atrophy as a result of therapeutic intervention. This is a priority for further research, which should include a consideration of the stage of disease (e.g., relapsing remitting, secondary progressive), type of acquisition and image analysis method, region of CNS being studied (e.g., whole brain, regional brain, spinal cord, etc.), frequency of scanning, and other potential confounding factors (e.g., atrophy due to anti-inflammatory therapy).
Summary of atrophy as a surrogate marker in MS. For the following reasons, atrophy has emerged as a preferred method for monitoring the neurodegenerative process in MS: 1) robust methods for detecting tissue loss are available, 2) it is progressive from onset and increases with increasing disability, 3) it correlates only modestly with inflammatory lesions, thus providing additional information in therapeutic monitoring, and 4) whereas a number of existing therapies have shown good suppression of inflammatory lesions, an effect on progressive atrophy has been less evident. A recent review discusses in depth the methodological and clinical aspects of atrophy in MS.
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MR spectroscopy: N-acetyl aspartate
The main peak in the proton MR spectrum from human adult CNS is N-acetyl aspartate (NAA), an amino acid contained almost exclusively in neurones and axons. A reduction in NAA provides evidence of axonal dysfunction or loss and has been consistently reported in MS lesions and NAWM. 80 A greater reduction of NAWM NAA is observed in secondary and primary progressive than in relapsing remitting MS, 80, 81 and disability has been correlated with reduced NAA in both cerebral 82, 83 and cerebellar 84 NAWM. Decreased NAA has also been observed in cortical gray matter in early relapsing remitting MS, suggesting that early neuronal cell body damage is occurring. 38 It is reduced by ϳ20% in thalamic gray matter in secondary progressive MS and in a postmortem study the decrease in NAA (accompanied by atrophy) was associated with decreased numbers of neurones. 7 In primary progressive MS, reduction of NAA and atrophy appear to be relatively independent of T2 lesion load. 85 Two approaches have been used to measure NAA: 1) an absolute measure of concentration using and external standard reference of known concentration, and 2) a ratio of NAA/Cr which assumes that Cr (creatine/phosphocreatine) remains stable in pathological situations. Although both approaches have produced robust evidence that NAA is reduced in MS lesions and normal appearing tissues, abnormalities of Cr may also occur. Therefore, absolute measures are preferable. A methodological approach of recent interest is the quantitation of wholebrain NAA. 86 This has been reported to be low in patients with CIS. 87 As a global marker of the progressive neurodegenerative process in MS it appears promising, although any changes observed are not anatomically localized and could represent abnormality in lesions, NAWM, or gray matter. The resonance for whole-brain NAA is broad and requires manual delineation for quantification; its analysis is potentially subject to bias and poor reproducibility. In contrast, the narrow NAA resonances from small voxels, obtained as a single region or as part of a spectroscopic imaging slice, can be automatically identified and quantified with a model that uses as reference a solution with a known concentration of NAA. 88 A limitation of spectroscopy is the low signal-to-noise ratio and modest reproducibility of the measured metabolite concentrations. For this reason, it has been little used in multicenter therapeutic trials. Two small singlecenter studies of patients treated with ␤-interferon have produced conflicting results. One study showed an increase in NAA, suggesting a therapy-induced reversal of axonal dysfunction. 89 The other showed a decrease in NAA, suggesting that progressive axonal loss continues in spite of treatment. 90 In spite of methodological difficulties, more vigorous efforts to investigate NAA as a surrogate outcome in trials of neuroprotection in MS would seem warranted, given that this metabolite provides specific information on axonal survival and function.
Diffusion tensor imaging
Diffusion tensor imaging offers a potentially more specific investigation of the integrity of white matter tracts. Fractional anisotropy (FA) indicates the orientation of diffusion and is high along well-defined pathways such as the corpus callosum, pyramidal tracts, and optic radiations. A reduction in FA in such pathways is therefore a potential marker of axonal structural integrity. Most recently, algorithms have been developed for identifying individual white matter tracts. Diffusion tractography can be performed using several approaches. 91 Problems arise in areas of crossing tracts or in which there are sharp bends in a tract. However, using tractography algorithms it is now possible to quantify the size and FA of major pathways in the brain such as optic radiation and pyramidal tract.
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T1 hypointense lesions
About 20-30% of T2 lesions appear hypointense on T1-weighted MRI. In serial studies, some of these socalled "black holes" are reversible, first appearing during the phase of acute inflammation with Gd enhancement and resolving over subsequent months. Such a course reflects initial edema and demyelination with subsequent resolution of edema and remyelination. 93 Other lesions persist as chronic stable "black holes" and these have been shown to have greater axonal loss than those T2 lesions which are T1 isointense. 94 There is a strong correlation between T2 and T1 hypointense lesion loads 95 and the latter adds little to the former when monitoring treatment effect on total lesion load. It is useful to monitor the evolution of individual Gd enhancing lesions into permanent black holes. A reduction in such evolution can be considered as the surrogate marker for improved recovery from acute relapses (i.e., there is less residual axonal loss due to acute inflammation). Such a treatment effect has been demonstrated for glatiramer acetate 96 and natalizumab 97 but not ␤-interferon.
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Other measures Many other quantitative MR measures have been applied to study MS, e.g., magnetization transfer ratio (MTR), T1 relaxation time, and the apparent diffusion coefficient. Such measures are sensitive in depicting subtle abnormalities in NAWM and NAGM and convincing evidence has emerged that increasing abnormality in these tissues is associated with clinical progression. 99, 100 However, these subtle MR changes are pathologically nonspecific and could potentially represent the effects of inflammation, gliosis, or axonal loss, all of which occur in NAWM. 4, 101 Although they may be valuable for monitoring clinically relevant disease progression they should not be considered as specific markers of neurodegeneration. Another abnormality reported in MS is a decrease in signal on T2-weighted images of deep gray matter structures, 102 which probably reflects increased iron deposition; whether or not this correlates with neuronal loss is unclear.
SUMMARY AND RECOMMENDATIONS
The foregoing assessment of MS biomarkers can be summarized into two key points. First, of the various approaches that have been considered, the only methods that are currently used on a regular basis as outcome measures in treatment trials are those derived from MR; the recommendations for surrogate outcome measures for MS clinical trials are accordingly confined to MR outcomes. Second, a broad concept has emerged which characterizes MS into two main pathological processes or phases: 1) multifocal inflammation, and 2) diffuse neuroaxonal degeneration (FIG. 1) .
The process of multifocal inflammation is most prominent in early relapsing remitting MS and is characterized clinically by relapses and on MRI by the development of focal new Gd enhancing and T2 lesions. In addition to demyelination, a degree of acute axonal injury and loss occurs because of this acute inflammation and may be inferred from the evolution to a permanent T1 hypointense lesion or the development of a permanent decrease in NAA. Focal atrophy from individual lesions is not readily appreciated in the brain but can be measured in the anatomically isolated optic nerve and averages ϳ10-15% after an attack of optic neuritis. If the aim of a new experimental therapy is to prevent relapses, new Gd enhancing and T2 lesions can be regarded as an appropriate surrogate outcome measure. The number of new lesions can be considered as the imaging equivalent of relapse frequency, whereas their evolution to T1 hypointense lesions might be regarded as the equivalent to the development of persistent disability following a relapse. However, apart from the early years of relapsing remitting MS (and then only to a moderate extent), new lesions are not reliable in predicting future disability and should not be considered as a surrogate for that clinical outcome.
The process of diffuse neuroaxonal degeneration involves white matter lesions, NAWM and gray matter and is increasingly prominent with increasing disability and the progressive phase of MS. The two most specific MR methods for detecting neuroaxonal loss are atrophy and decreased NAA. The former has been preferred in clinical trials because more reproducible and sensitive methods are available to detect it. Although other MR markers of diffuse disease are not specific for axonal loss (e.g., MTR, T1, diffusion coefficient), they do provide, along with atrophy, a sensitive measure of a diffuse, progressive underlying process that appears relevant to clinical progression.
Both atrophy and intrinsic NAWM and NAGM abnormalities are present from the earliest clinical stages of disease. They are at least in part independent of focal lesions but may also be partly related, by providing a trigger for or being a consequence of focal inflammation (the latter, by causing axonal transection, leads to secondary Wallerian degeneration in NAWM).
Although not yet confirmed, the potential importance of atrophy, NAWM, and NAGM measures for predicting future disability is readily apparent. It is therefore recommended that atrophy be measured in trials aiming to prevent disability at all stages of disease (CIS, relapsing remitting, primary, and secondary progressive) and where feasible, NAA should also be measured along with other techniques to monitor progressive NAWM and NAGM abnormality (e.g., MTR).
Finally, it is important to remember that although holding much promise, the MR surrogates for neuroaxonal loss and diffuse disease are not yet validated as predicting future disability. Long-term follow-up studies from near onset will be needed to establish this relationship. In the meantime, definitive clinical trials should continue to measure an appropriate disability endpoint.
